Introduction
Self-assembly is a fundamental concept in modern molecular science for the creation of new materials. [1] [2] [3] [4] It relies on the cumulative effects of multiple non-covalent interactions to assemble molecular building blocks into supramolecular entities in a reversible, controllable, and specific way, yet with relatively little synthetic effort. Of particular value is the ability of self-assembled structures to behave as more than the sum of their individual parts, and exhibit completely new properties. [5] As an example, we present here our investigation into the self-organization of small amphiphilic dendrons into spherical, nanosized supramolecular micellar dendrimers, the underlying mechanism for their functional delivery of small interfering RNA (siRNA), and the resulting gene silencing efficiency ( Figure 1 ).
Small interfering RNA molecules (siRNAs) are able to specifically and efficiently turn off gene expression, offering an enormous opportunity for exploitation in biomedical applications such as gene-based disease treatment. [6] [7] [8] However, the main challenge facing siRNA therapeutics is their safe and efficient delivery. [9, 10] Indeed, siRNAs are too negatively charged to spontaneously cross biomembranes; at the same time, they are vulnerable to nuclease attack within biofluids. In principle, an ideal siRNA delivery vector should assemble the nucleic acid molecule within a compact complex, protect it from degradation, promote its cellular uptake, allow it to escape from endolysosomal compartments, and finally release it into the cytoplasm where the RNAi machinery is located. [9, 10] The most common non-viral vectors currently employed in siRNA delivery can be classified into two major categories: lipids and polymers. [11] [12] [13] Within the latter group, cationic dendrimers are emerging as promising nanovectors by virtue of their welldefined structure, intriguing features of multivalency, and high cargo payload confined within a nanosized volume. [14, 15] In the past decade, our group has been actively engaged in developing structurally flexible high-generation poly(amidoamine) (PAMAM) dendrimers [16] [17] [18] as potent and effective nanovectors for siRNA delivery in vitro and in vivo in various disease models, [19] [20] [21] [22] with one of them being scheduled for clinical trials. More recently, we have shifted our interest towards amphiphilic molecules bearing dendritic portions as polar heads, [23] [24] [25] which are able to self-assemble into nanosized supramolecular structures of various size and shape. [3] , [24] , [26] In this work, drawing on our considerable interest in the field, and with the aim of obtaining more insightful understanding of self-assembling dendrimer nanovectors for siRNA delivery, we designed, synthesized and characterized a series of dendrons featuring hydrophobic tails of different lengths (1) (2) (3) (4) (5) (6) (Figure 2A ). Additionally, we conceived dendrons 7 and 8 as non-amphiphilic references with 7 bearing a hydrophilic pentaethylene glycol (PEG) chain and 8 being a small hydrophilic poly(amidoamine) dendron without any long hydrophobic chain. We systematically investigated these dendrons for their ability to self-assemble, their siRNA binding activity and their siRNA delivery capacity using both experimental approaches and computer modeling. Our results demonstrate that the optimal balance of the hydrophobic and hydrophilic components critically controls their self-organization, which in turn significantly affects their performance in siRNA delivery. Indeed, these supramolecular dendrimers show a degree of structural definition similar to that of traditional covalent high-generation dendrimers (Figure 1) , and one of them possesses excellent siRNA delivery and gene silencing activity even in the highly refractory human hematopoietic CD34 + stem cells. Our study opens new perspectives on the design of self-assembling nanosystems for complex and functional applications.
Results and Discussion

Self-assembly of amphiphilic dendrons into micellar supramolecular structures
The amphiphilic dendrons 1-7 studied in this work were synthesized via "click" chemistry [23] (Scheme S1). Dynamic light scattering (DLS) analysis revealed that solutions containing 3-6 predominantly formed nanoparticles around 7.0 nm in size ( Figure 2B and Figure S1 ) while no stable nanostructures were observed for 1, 2, 7, and 8. The apparent self-assembly of 3-6 unveiled by DLS data was confirmed by transmission electron microscopic (TEM) imaging, which clearly revealed the formation of small spherical particles ( Figure 2C ) with sizes in the range of typical micellar nano-objects. Moreover, an increase in the alkyl chain length from C16 to C22 (3 to 6) was accompanied by an increase in the size of the micelles (D exp ) from 6.6 to 7.8 nm, consistent with the values (D cal ) predicted by related molecular simulations [27] [28] [29] [30] ( Figure 2B and Table S1 ). Of note, the dimensions of these nanomicelles are similar to those of structurally flexible high-generation dendrimers, [17] indicating that these self-assembled nanostructures have a degree of structural definition similar to traditional covalent high-generation dendrimers, i.e., they can be considered as supramolecular dendrimer mimics ( Figure 1 ).
We further determined the values of the critical micelle concentrations (CMC exp ) of each nanovector using the hydrophobic fluorescent probe pyrene. [31] As shown in Figure 2B , increasing the alkyl chain length (1 to 6) resulted in a drop of CMC exp values from 398 to 8.6 µM, confirming the expected inverse relationship between the length of the hydrophobic portion and CMC exp , i.e., dendrons bearing longer hydrophobic chains self-assemble and pack more efficiently than those featuring shorter aliphatic tails. The relatively large values of CMC exp for 1 and 2 provide an explanation for the absence of micelle formation observed during DLS analysis, whereas for 7 and 8, which are devoid of amphiphilic character, no CMC exp could be determined.
We next inspected the self-assembly of these dendrons using computational methods. For 1-6, the estimated value of their critical packing parameter P, an effective ratio of the relative sizes of the polar and apolar domains of an amphiphilic compound, was well below 0.33 ( Figure 2B ), implying that these molecules have a tendency to self-assemble into spherical micelles. [32, 33] This was in line with the results obtained with TEM imaging ( Figure 2C ) and mesoscopic molecular simulation ( Figure S2 ). In addition, the associated values of the micellization free energy (ΔG mic ) were largely negative, indicating that micelle formation was a spontaneous and highly favorable process for the amphiphilic molecules 1-6. However, ΔG mic decreased substantially (i.e., became more negative and hence more favorable) with increasing hydrophobic chain length from 1 to 6 ( Figure 2B ). Accordingly, the predicted CMC values (CMC cal ) followed the expected decreasing trend as the hydrophobic character of the dendrimers increased, in agreement with the experimental data.
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Since the hydrophilic dendron architecture was the same in all dendrimers, the main differential contribution to ΔG mic , and hence to CMC cal , is related to the length of the hydrophobic component (see SI for more details). Altogether, this combined experimental/ theoretical approach allowed us to assess the impact of the proper balance between hydrophobic and hydrophilic components of amphiphilic dendrons on the chemico-physical characteristics of the resulting multivalent self-assembled micelles.
Formation of siRNA/dendrimer nanoparticles protects siRNA from degradation
We next examined the ability of these supramolecular dendrimers to bind siRNA, a prerequisite for their possible application in siRNA delivery. The binding of these dendrimers to siRNA was assessed using a fluorescent ethidium bromide (EB) displacement assay, which is based on competition between EB and the dendrimer in binding siRNA. The value of C 50 , or the concentration of dendron at which the fluorescent intensity of intercalated EB is reduced by 50%, denotes the siRNA binding efficiency. The no-tail dendron 8, the PEG chain dendron 7, and dendron 1 bearing the shortest alkyl chain were all unable to effectively displace EB from siRNA ( Figure 3A ), presumably due to their inability to self-assemble under the assay conditions. For the molecular series 2-6, the C 50 value decreased with increasing alkyl chain length, dendron 6 being the most efficient in siRNA binding ( Figure 3A and Table S2 ). Notably, these data were consistent with the results of gel shift assays ( Figure 3B ), which confirmed the correlation between alkyl chain length and siRNA binding strength: the dendron bearing the longest alkyl chain was the most effective siRNA binder. In other words, these results showed that the dendrons endowed with the best self-assembly properties are the most effective in achieving siRNA binding. This was further confirmed by DLS investigation of the siRNA/dendrimer complexes ( Figure 3C ). Dendrons 1, 2, 7 and 8 formed very big aggregates with siRNA, which are far too large in dimension for eventual delivery. [34, 35] On the other hand, dendrons 3-6, which bear C16-C22 alkyl chains, were able to form siRNA nanoparticles around 100 nm in size, perfectly matching the size range required for effective delivery. The formation of compact and uniform 4/ siRNA nanoparticles was further affirmed by additional TEM imaging ( Figure S3 )
Next, mesoscale molecular simulations were performed to investigate the interactions between these dendrimers and the siRNA molecules. The morphology of the self-assembled supramolecular dendrimers and siRNAs is presented in Figure 3D . As can be seen, at the same N/P ratio for 1 through to 6, the siRNA molecules are more uniformly distributed and better encased within the micellar network, indicative of efficient protection from the surrounding environment. In contrast, for the non-self-assembling systems like 7 and 8, the siRNA molecules are less well protected from possible degradation by external agents (e.g., RNase).
Best performance of Dendron 4 for functional delivery of siRNA and the underlying rationale
To investigate the siRNA delivery capacity of the supramolecular dendrimers formed by the amphiphilic dendrons 1-6, siRNA molecules targeting either heat shock protein 27 (Hsp 27) [36] or translationally controlled tumor protein (TCTP) [37] were tested in human castration-resistant prostate cancer PC-3 and C4-2 cell lines ( Figure 4 and Figure S4 ).
Concomitantly, the related cellular toxicity was also assessed ( Figure S5 ). As shown in Figure 4A -D, 4 clearly displayed the best siRNA delivery capacity, leading to the most potent gene silencing. The gene silencing activity of 4 was better than that exhibited by the commercial reagent Oligofectamine and by the structurally flexible generation 7 dendrimer G 7 previously developed by us ( Figure 4E ). [38] In addition, we showed that this potent gene silencing was specific, as the scramble siRNA delivered by 4 did not produce any noticeable effect ( Figure 4E ). More importantly, 4 mediated effective siRNA delivery and specific gene silencing even in human hematopoietic CD34 + stem cells ( Figure 4F and Figure S4C ) -an extremely challenging cell type for nucleic acid delivery -without any evident cytotoxicity ( Figure S5E and Figure S5F ).
It is evident that the supramolecular dendrimers formed from dendrons containing longer hydrophobic tails (5 and 6) were less effective, whereas those bearing shorter aliphatic (1-3), hydrophilic (PEG) (7) or no chains (8) failed to elicit any obvious gene silencing ( Figure  4A-D) . These results can be sensibly rationalized in light of the previous discussion: because of the intrinsic incapacity of 7 and 8 to self-assemble, or the inability of 1-3 to generate stable micelles at the concentrations employed in the transfection experiments, none of these compounds was able to generate robust supramolecular dendrimers to mimic high-generation dendrimers for effective siRNA delivery. In other words, the positively charged dendron structure alone is not sufficient to efficiently bind, protect and deliver the negatively charged siRNA.
In order to understand why 4 was better than 5 and 6 in siRNA delivery and gene silencing, we generated 4/siRNA, 5/siRNA and 6/siRNA complexes using fluorescent labelled siRNA and examined their cellular uptake by means of flow cytometry. Our results show that the cellular uptake was similar for all three complexes ( Figure S6 ). This finding, together with the observation that the 4/siRNA complex delivered siRNA more effectively than the 5/ siRNA and 6/siRNA complexes, led us to speculate that the siRNA release process might be more efficient for 4/siRNA than for 5/siRNA and 6/siRNA because the siRNA complexes formed with the supramolecular dendrimers generated by 5 or 6 were too stable to disassemble. This stability would impair siRNA release within cells, ultimately decreasing the efficiency of gene silencing by 5/siRNA and 6/siRNA.
To verify this hypothesis, we examined siRNA dissociation from the corresponding siRNA/ dendrimer complexes using the EB assay in the presence of heparin, a highly negatively charged polysaccharide that competes with siRNA for dendrimer binding. As illustrated in Figure 5A , when the heparin concentration was increased, the siRNA molecules were more effectively displaced from their complex with 4 than from their complexes with 5 and 6.
To further corroborate this finding, we performed a quantitative characterization of siRNA/ dendrimer interactions by atomistic molecular dynamics (MD) simulations [27] [28] [29] [30] starting from the morphological information gathered by mesoscopic modeling. As presented in Figure 5B , the supramolecular dendrimer formed by 4 possessed a total surface charge of +64. 31 of these positive charges (48%) were effectively engaged in complexing siRNA ( Figure 5C ), resulting in a charge-normalized effective free energy of binding (ΔG bind.eff / N eff ) value of −0.41 kcal/mol ( Figure 5B ). In contrast, the self-assembled dendrimers generated by 5 and 6 were not only able to exploit 49/80 (61%) and 62/102 (61%) positive charges, respectively, to constantly bind siRNA (see Figure 5C ), but they also did it more effectively, as demonstrated by their more favorable ΔG bind.eff /N eff values of −0.59 and −0.56 kcal/mol ( Figure 5B ). These higher values of ΔG bind.eff /N eff clearly characterize 5 and 6 as the strongest siRNA binders of our series, in agreement with the experimental evidence presented above. Collectively, these results demonstrate that under our experimental conditions the self-assembled nanomicelles formed by 4 are endowed with the best siRNA releasing ability alongside optimal siRNA binding strength. These properties allowing the nanomicelles to carry the siRNA cargo along its journey to the cell and efficiently release the loaded siRNA upon reaching its final destination. The sensible molecular rationale for this is that an optimal balance is achieved between the hydrophobic chain length and the hydrophilic dendritic entity in 4, providing this amphiphile with the ideal properties to efficiently self-assemble into micellar supramolecular nanostructures. Such nanovectors easily form complexes with siRNA before being disassembled during endosome release, ultimately resulting in the best siRNA delivery and the most potent gene silencing out of all the dendrons presented in this work.
Finally, we carried out in vivo evaluation of 4-mediated systemic delivery of an siRNA targeting Hsp27 in a prostate cancer xenografted nude mice model. We observed significant gene silencing ( Figure 6A and Figure S7 ) and effective inhibition of tumor growth 4 weeks post-treatment ( Figure 6B ). Additional immunohistochemistry with Ki67 staining also confirmed the inhibition of tumor proliferation ( Figure 6C ). The observed successful in vivo activity can be ascribed to the powerful capacity of 4 to deliver siRNA alongside the ability of the nanosized 4/siRNA complexes to home in on the tumor via the Enhanced Permeation and Retention (EPR) effect. [39, 40] We further evaluated the toxicity of 4 by examination of inflammatory cytokines ( Figure  S8 ), blood biochemistry, liver and kidney functions ( Figure S9 ), and pathological changes in major organs ( Figure S10 ). Neither 4 nor its siRNA complex showed any evident toxicity. No significant animal weight loss ( Figure 6D ) or discernible toxicity to different organs was observed in the xenograft mice during the entire treatment ( Figure 6E ). Collectively, these results support the utilization of the amphiphilic compound 4 as an siRNA vector for future therapeutic implementation.
Conclusions
Molecular engineering of functional material through self-assembly is an extremely interesting concept, but still faces great challenges. Indeed, self-assembly creates noncovalent supramolecular constructions through weak interactions, which are often critically impacted by factors such as molecular composition, physical and chemical properties, and geometrical features of the building blocks. Therefore, understanding the relationship between these features and the underlying supramolecular organization mechanism is of paramount importance in establishing functional materials through self-assembly.
RNA interference (RNAi) is a robust method for post-transcriptional silencing of genes using small, double-stranded RNA (siRNA) with sequence homology-driven specificity, providing a simple, fast and cost-effective alternative to existing gene targeting approaches. However, living organisms are well protected by intra-and extracellular barriers against invasion of foreign genetic material. Therefore, siRNA delivery systems have to be carefully designed to overcome these barriers. From this perspective, we designed, synthesized and characterized a series of amphiphilic molecules based on a hydrophilic PAMAM dendron head and a hydrophobic portion consisting of a linear hydrocarbon chain of variable length.
Interestingly, these amphiphilic dendrons self-assembled and generated supramolecular nanostructures which resemble and mimic the structurally well-defined covalent highgeneration dendrimers. By using a powerful combination of experimental and theoretical approaches we gained unique and detailed insights into the ability of the amphiphilic dendrons to self-assemble into supramolecular dendrimers for functional siRNA delivery. Our investigation revealed that an optimal balance between the hydrophobic chain length and the hydrophilic dendritic portion of the amphiphilic dendrimers is instrumental in their self-assembly and their siRNA delivery activity. This work presents a case study of the concept of generating functional supramolecular dendrimers via self-assembly. The ability of carefully designed and gauged building blocks to spontaneously assemble into complex supramolecular structures underpins developments in a wide range of technologies, from materials science to biology and medicine, with huge potential for implementation in future applications.
Materials and methods
Synthesis and characterization of amphiphilic dendrimers
The detailed synthetic procedure is described in the Supporting Information.
In vitro transfection
Prostate cancer PC-3 and C4-2 cells-One day before transfection, 1.5×10 5 PC-3 or C4-2 cells were seeded in 6 cm dishes in 4 mL of fresh complete medium containing 10% FBS. Before transfection, a solution of the siRNA/amphiphilic dendrimer complex was prepared accordingly. The desired amount of siRNA and amphiphilic dendrimer was diluted in 200 µL of Opti-MEM transfection medium. The solutions were mixed with a vortex for 10 s, and then left for 10 min at room temperature. The amphiphilic dendrimer was added to the siRNA solution, homogenized for 10 s with a vortex and left for 30 min at room temperature. Then 1.6 mL serum-free medium was added into the complex solution and the final volume brought to 2 mL. Before addition of the transfection complexes, the complete medium with serum was removed and cells were washed once with PBS. Then, 2 mL of the complex solution was added and incubated at 37 °C in the absence of 10% FBS. After 8 h of incubation, the transfection mixture was replaced with complete medium containing 10% FBS, and maintained under normal growth conditions for a further incubation period of 72 h. The commercial transfection reagent Oligofectamine (Thermo Fisher Scientific) was used as a control according to the manufacturer's instructions.
Human hematopoietic CD34+ stem cells-4×10 5 CD34+ cells per well were seeded in 24-well tissue culture plates in 300 µL fresh complete medium. Before transfection, complexes of dsiRNA/dendrimer reagents were prepared. The desired amount of dsiRNA and dendrimer reagent was diluted in 50 µL of serum-free medium (Opti-MED). The dendrimer solution was mixed gently and incubated for 10 min at room temperature. After the 10-minute incubation, the diluted dsiRNA and the dendrimer reagent were mixed gently and incubated for 30 minutes at room temperature. Then 100 µL of dsiRNA/dendrimer complex was added to each well containing cells and medium and mixed gently by rocking the plate back and forth. The cells were incubated at 37°C in a CO 2 incubator for 24-48 h for further assays. The commercial transfection reagent Trans-TKO (Mirus) was used as a control according to the manufacturer's instructions.
In vivo gene silencing in tumor-xenografted nude mice
Institutional guidelines for the proper and humane use of animals in research were followed. Approximately 10 × 10 6 PC-3 cells in 0.1 mL of DMEM (Thermo Fisher Scientific) which was supplemented with 10% FBS were inoculated subcutaneously into the flank region of 5-week-old male xenograft nude mice (Charles River Laboratories, Larbresles, France) via a 27-gauge needle. As previously described, when PC-3 tumors reached 30-50 mm 3 (usually 2 to 3 weeks after injection), mice were randomly selected for treatment with Hsp27 siRNA/ amphiphilic dendrimer 4, scrambled siRNA/amphiphilic dendrimer 4, amphiphilic dendrimer 4, or PBS buffer alone. Each experimental group consisted of 6-7 mice. After randomization, PBS buffer, 3 mg/kg Hsp27 siRNA, amphiphilic dendrimer 4 at an N/P ratio (= [total terminal amines in the dendrimer 4]/[phosphates in the siRNA]) = 5, Hsp27 siRNA/ amphiphilic dendrimer 4 or scrambled siRNA/amphiphilic dendrimer 4 complexes, were injected intraperitoneally twice per week for 4 weeks. The size of the tumors and the weight of mice were recorded once per week. After 4 weeks of treatments, mice were sacrificed. Tumors were removed from the animals and divided into two parts. One part of each tumor was frozen in liquid nitrogen and then stored at −80 °C for RNA and protein extraction. The in vivo expression of Hsp27 protein was measured by western blot as described before. The other part of each tumor was fixed in 4% paraformaldehyde for immunohistochemistry. The heart, kidney, liver, lung and spleen were removed from the animals and fixed in 4% paraformaldehyde for hematoxylin and eosin (HES) staining.
Computational methods
Atomistic and mesoscopic simulations were performed in the framework of a multiscale modeling strategy developed by our group. [17] , [26] , [28] , [30] , [41] This approach is based on the systematic elimination of computationally expensive degrees of freedom while retaining implicitly their influence on the remaining degrees freedom in the mesoscopic model, thus allowing us to reproduce more realistic systems and to significantly extend the accessible time scales. Atomistic molecular dynamics calculation were carried out using the AMBER 14 [42] suite of programs and mesoscale simulations were performed in the framework of the Dissipative Particle Dynamics theory [43] . For further details, refer to the Supporting Information. Schematic presentation of self-assembly of amphiphilic dendrons into supramolecular dendrimers to resemble covalent high-generation dendrimers for functional siRNA delivery and gene silencing. (A) siRNA release from complexes with 4-6 was assessed using heparin-coupled ethidium bromide fluorescent assays. (B) siRNA/dendrimer binding data as derived from molecular dynamics simulations for 4-6: free energy of effective binding (ΔG bind,eff ), number of effective charges (N eff ) and effective-charge-normalized free energy of binding (ΔG bind,eff/Neff ) for siRNA/dendrimer complexes. (C) Atomistic MD simulations of amphiphilic dendron self-assembly in the presence of siRNA. In all panels, the dendrons 4-6 are shown as forest green, with the terminal charged amine groups highlighted as chartreuse green sticks-and-balls. The siRNA is represented as a red ribbon and some representative Cl − and Na + ions and counterions are portrayed as light and dark gray spheres, respectively. Water is omitted in all panels for clarity. The binding interface region between each micelle and siRNA is also shown in each complex. 
